The two Gamow-Teller (GT) Pm are studied within a microscopic approach based on a deformed proton-neutron quasiparticle random-phase approximation built on a Skyrme selfconsistent mean field with pairing correlations and spin-isospin residual forces. The results are compared with the experimental GT strength distributions extracted from charge-exchange reactions. Combining the two branches, the nuclear matrix elements for the two-neutrino doublebeta decay are evaluated and compared to experimental values derived from the measured half-lives.
I. INTRODUCTION
Neutrinoless double-beta decay (0νββ) is nowadays a topical issue that has attracted a lot of interest from both theoretical and experimental sides [1] . This decay mode is still unobserved and would violate lepton number conservation. Its existence would demonstrate that the neutrino is a massive Majorana particle and would provide a measurement of the absolute mass scale of the neutrino. Obviously, the nuclear matrix element (NME) involved in such a process must be determined accurately to extract a reliable estimate of the neutrino mass. On the other hand, the two-neutrino double-beta decay mode (2νββ) is perfectly allowed by the Standard Model. It is a rare second-order weak-interaction process that has been observed experimentally in several nuclei (see Ref. [2] for a review). Thus, to test the reliability of the nuclear structure calculations involved in the 0νββ process, one checks first the ability of the nuclear models to reproduce the experimental information available.
Certainly, there are differences between the NMEs involved in both processes, but there are also clear similarities. Among the differences, one should notice that the 2νββ-decay NMEs are dominated by Gamow-Teller (GT) transitions connecting the initial and final 0 + states with all J π = 1 + states in the intermediate nucleus.
On the other hand, in the 0νββ process the intermediate states run over all J π values. Another difference with consequences in the evaluation of the NMEs is that in 0νββ decay the average virtual neutrino momentum is much larger than the typical scale of nuclear excitations and then closure approximation can be safely used. In the case of 2νββ decay the neutrino momenta are comparable with the nuclear excitation energies, preventing the use of closure. Among the similarities, the two processes connect the same initial and final nuclear ground states to be described within a given nuclear model and they share the calculation for the intermediate J π = 1 + states. Therefore, reproducing the 2νββ NMEs is a requirement for any nuclear structure model aiming to describe the neutrinoless mode. One can go even further and compare the calculations, not only with the 2νββ NMEs extracted from the measured half-lives, which is nothing but a number, but also with the GT − (GT + ) strength distribution of the single branch connecting the initial (final) ground state with all the J π = 1 + states in the intermediate nucleus. This comparison provides a more detailed information on which the calculation can be tested. GT strength distributions have been measured in recent years from high resolution charge-exchange reactions (CER), within a large experimental program aimed to explore the GT properties at low excitation energies of double β-decay partners [3] [4] [5] [6] [7] .
The purpose of this work is to investigate the possibility to describe the rich information available at present on the GT nuclear response within a formalism based on a deformed proton-neutron quasiparticle random-phase approximation (QRPA). This information includes global properties such as the location and strength of the GT resonance, more detailed description in the low-lying excitations, and last but not least, the 2νββ-decay NMEs. This study was started for the double β-decay partners with A = 76, 128, 130 [8, 9] [7] . It is also worth mentioning the recent measurement of the electron capture in 116 In [10] that can be used as a benchmark for nuclear structure calculations. In addition, the double β decay of 150 Nd has received increasing attention in the last years and it is currently considered as one of the best candidates to search for the 0νββ decay in the planned experiments SNO+, SuperNEMO, and DCBA. The reason for the interest in 150 Nd is that it has a large phasespace factor and therefore a relatively short half-life. It also has a large Q ββ energy that will reduce the background contamination. However, both 150 Nd and 150 Sm are deformed nuclei that require a deformed formalism to deal with them properly.
The paper is organized as follows: In Sec. II, we present a brief summary of the theoretical approach used to describe the GT strength distributions, as well as the 2νββ-decay basic expressions. Section III contains the results obtained from our approach, which are compared to experimental data and other available calculations. Sec-tion IV contains a summary and the main conclusions.
II. THEORETICAL APPROACH
The description of the deformed QRPA approach used in this work is given elsewhere [11] [12] [13] . Here we give only a summary of the method. We start from a selfconsistent deformed Hartree-Fock (HF) calculation with effective nucleon-nucleon Skyrme interactions, assuming axial deformation and time reversal symmetry [14] . Most of the results in this work are performed with the Skyrme force SLy4 [15] , which is one of the most widely used and successful interactions. In addition, we also present results obtained with other Skyrme forces to investigate their suitability for the description of the spin-isospin properties of nuclei. In particular, besides SLy4, we shall show results from the simpler force Sk3 [16] and from the force SGII [17] that was fitted taking into account nuclear spin-isospin properties.
In our approach, the single-particle wave functions are expanded in terms of the eigenstates of an axially symmetric harmonic oscillator in cylindrical coordinates using twelve major shells. Pairing correlations between like nucleons are included in BCS approximation taking fixed pairing gap parameters for protons and neutrons, which are phenomenologically determined. Besides the selfconsistent HF solution, we also explore the potential energy curves, that is, the HF energy as a function of the quadrupole deformation β, which are obtained from constrained HF+BCS calculations. These results can be seen in Fig. 1 After the HF+BCS calculation, the QRPA equations are solved on the deformed ground-state basis to get the GT strength distributions and to compute the 2νββ-decay NME. To describe GT excitations in QRPA we add to the quasiparticle mean field a separable spin-isospin residual interaction in the particle-hole (ph) and particleparticle (pp) channels. The ph part is responsible for the position and structure of the GT resonance and its cou- pling constant χ GT ph is usually taken to reproduce them [11, [18] [19] [20] . The pp part consists of a proton-neutron pairing force and it is also introduced as a separable force [12, 19] . The coupling constant κ GT pp is usually fitted to the half-lives phenomenology [20] . In this work we have chosen for the ph and pp coupling constants the law dependence on the mass number A given by C/A 0.7 in Ref. [20] . However, the different mean fields used, Nilsson [20] versus Skyrme-HF here, make the constants somewhat different. Specifically we use χ Although slightly different values could be used for the different Skyrme forces, we use in this work the same values for them, so that changes among calculations from various forces are caused by the underlying quasiparticle structure provided by the effective Skyrme force. At this point it is worth mentioning the studies on 150 Nd and 150 Sm carried out in Refs. [21, 22] , where deformed QRPA calculations were performed using realistic nucleon-nucleon residual interactions based on the Brueckner G matrix for the CD-Bonn force on top of a phenomenological deformed WoodsSaxon potential. Comparison with the results obtained from schematic separable forces [21] shows that the latter reproduce fairly well the main characteristic of the GT strength distributions profiles and 2νββ-decay NMEs. The technical details to solve the QRPA equations have been described in Refs. [11, 12, 19] . For each value of the excitation energy, the GT transition amplitudes in the intrinsic frame connecting the ground state |0 to onephonon states in the daughter nucleus |ω K , are found to be
where
in terms of the occupation amplitudes for neutrons and protons v ν,π (u To obtain this expression we have used the initial and final states in the laboratory frame expressed in terms of the intrinsic states using the Bohr and Mottelson factorization. Finally, a quenching factor q = g A /g A,bare = 0.79 is included in the calculations to take into account in an effective way all the correlations that are not properly considered in the present approach. We shall discuss later in Subsec. III B various attempts aiming to fit simultaneously single-β and double-β decay observables by adjusting the quenching factor.
Concerning the 2νββ-decay NMEs, the basic expressions for this process, within the deformed QRPA formalism used in this work, can be found in Refs. [13, 23, 24] . Deformation effects on the 2νββ NMEs have been also studied within the Projected Hartree-Fock-Bogoliubov model [25] . Attempts to describe deformation effects on the 0νββ decay within QRPA models can also be found in Refs. [26, 27] . The half-life of the 2νββ decay can be written as
in terms of the phase-space integral G 2νββ and the nuclear matrix element M 2νββ GT that contains all the information of the nuclear structure involved in the process, 
In this equation |ω K,mi (|ω K,m f ) are the QRPA intermediate 1 + states reached from the initial (final) nucleus. The indices m i , m f label the 1 + states of the intermediate nucleus. The GT matrix elements are those in Eq. (1). The overlaps are needed to take into account the non-orthogonality of the intermediate states reached from different initial |0 i and final |0 f ground states. Their expressions can be found in Ref. [23] . The energy denominator D involves the energy of the emitted leptons, which is given on average by 1 2 Q ββ + m e , as well as the excitation energies of the intermediate nucleus. In terms of the QRPA excitation energies the denominator can be written as
is the QRPA excitation energy relative to the initial (final) nucleus. It turns out that the NMEs are quite sensitive to the values of the denominator, especially for low-lying states when the denominator reaches smaller values. Thus, it is a common practice to use some experimental normalization of this denominator trying to improve the accuracy of the NMEs. In this work we shall also consider the denominator D 2 , which is corrected with the experimental energyω 1 
The running 2νββ sums calculated later, will be shown for the two choices of the denominator D 1 and D 2 . In the case of the A = 116 isobars, the ground state in the intermediate nucleus 116 In is a 1 + state. Then, the energyω 1 + 1 is given bȳ
written in terms of the experimental energies Q EC = 0.463 MeV and Q β − = 3. adopted. Using the phase-space factors from the recent evaluation [28] contributions, namely GT (σt ± operator) and isovector spin monopole (IVSM) (r 2 σt ± operator). Both are associated to ∆L = 0 and ∆S = 1 transitions and therefore, they have similar angular distributions that cannot be disentangled in the experiment. Thus, the measured strength corresponds actually to B(GT+IVSM). Different theoretical calculations evaluating the contributions from both GT and IVSM modes are available in the literature [6, [29] [30] [31] . In Ref. [29] a self-consistent Skyrme Hartree-Fock plus Tamm-Dancoff approximation was used to separate the GT from the IVSM strength. Well separated centroids of both resonances were found, with the IVSM resonance at much higher energy, as it corresponds to a 2 ω mode. Subsequent calculations including A = 116 isobars were performed in Refs. [30, 31] with different degrees of complexity, from a schematic single-particle model space up to realistic calculations within a QRPA approach in a Woods-Saxon basis and two-body interactions constructed with the Bonn-A potential. In Ref. [6] the contribution from the IVSM component was also evaluated by employing a microscopic method based on QRPA with residual interactions obtained from the Brueckner G-matrix for CDBonn nucleon-nucleon force. In general, the conclusions of those theoretical calculations converge in an overall picture. In the (p, n) direction the strength distribution is dominated by the GT component up to about 20 MeV, although non-negligible contributions from IVSM com- ponents are found between 10 and 20 MeV, overlapping with the GT strength of the GT giant resonance. Above this energy, there is no significant amount of GT strength in the calculations. The interference effects are constructive below 20 MeV and destructive above this energy, but they are not very important. In the (n, p) direction the GT strength is expected to be strongly Pauli blocked in nuclei with more neutrons than protons and therefore, the measured strength is mostly due to the IVSM resonance over the whole excitation-energy range. Nevertheless, the strength found in low-lying isolated peaks is associated with GT transitions because the continuous tail of the IVSM resonance is very small at these energies and is not expected to exhibit any peak. In summary, the measured strength in the (p, n) direction can be safely assigned to be GT in the low energy range below 10 MeV and with some caution between 10 and 20 MeV. Beyond 20 MeV the strength would be practically due to IVSM. On the other hand the measured strength in the (n, p) direction would be due to IVSM transitions, except in the low-lying excitation energy below several MeV, where the isolated peaks observed can be attributed to GT strength. This is the reason why we plot experimental data in Fig. 4 only up to 5 MeV. Calculations for the GT strength distributions in both directions B(GT ± ) for the A = 116 isobars are also available from spherical QRPA calculations within a WoodsSaxon basis and two-body Bonn-A realistic interactions [32] . The results from this reference are quite similar to those in Figs. 3 and 4 , although a direct comparison is not easy as they are obtained for particular values of both the strength of the pp residual interaction and the effective g A value. The B(GT − ) strength distribution calculated in Ref. [32] is characterized by some marginal strength up to an excitation energy of 5 MeV, then a small bump develops between 7 and 10 MeV, and finally the GT resonance appears between 11 and 15 MeV. Both the energy location of the bumps and the strength contained agree with the features observed in Fig. 3 . Similarly, the B(GT + ) distributions in Ref. [32] and in the corresponding Fig. 4 in this work, contain a similar amount of strength concentrated in the very low-lying excitation energy.
Figs. 5 and 6 show the results for 150 Nd and 150 Sm, respectively. We compare the QRPA results from SLy4 for prolate and oblate shapes with the data from ( 3 He,t) on 150 Nd and from (t, 3 He) on 150 Sm in Ref. [7] . In general terms, we reproduce fairly well the global properties of the GT strength distributions, including the location of the GT resonance and the total strength measured, although the experimental GT resonances appear more fragmented than the calculated ones. Similar comments to the previous case A = 116 relative to the contributions from GT and IVSM components apply now to the case A = 150. Microscopic QRPA calculations with residual interactions obtained from the CD-Bonn potential were performed in Ref. [7] to estimate the GT and IVSM components of the strength B(GT+IVSM) measured. From this analysis it was also concluded that the strength B(GT − +IVSM − ) below 20 MeV correspond to a large extent to GT strength, whereas the measured strength B(GT + +IVSM + ) below 3 MeV could be assigned to the GT component.
In Fig. 7 we show the results for the GT ± strength distributions obtained with three different Skyrme forces to see the sensitivity of these distributions to the nucleonnucleon effective interaction used in the calculations. We can see that the profiles obtained with the three forces are quite similar. The GT − resonances appear at close energies and contain about the same strength for the three interactions. The GT + strength is very small compared to the GT − and is concentrated for the three forces in the excitation energy region below 5 MeV, with a bump in 150 Sm centered at about 15 MeV. Figures 8, 9 , 10, and 11 show in more detail the GT strength distributions with SLy4 in the low excitationenergy range. In the case of 116 Cd (Fig. 8) we have included, in addition, the experimental GT strength measured by ground-state to ground-state electron capture on 116 In [10] . This value agrees well with the strength obtained with the prolate shape and to a less extent with the oblate one, but it is too low compared to the spherical calculation. Similarly, in the case of 116 Sn (Fig. 9) we show with an open circle the experimental GT strength measured by the ground-state to ground-state β − decay ( 116 In → 116 Sn). One should notice that the B(GT) strength from Ref. [5] is calibrated to this value. Although a detailed spectroscopy is beyond the capabilities of our model and the isolated transitions are not well reproduced by our calculations, the overall agreement with the total strength contained in this reduced energy interval, as well as with the profiles of the accumulated strength distributions is reasonable, especially for the prolate shapes in both A = 116 partners in Figs. 8 and 9, as well as with the prolate profiles in the A = 150 partners displayed in Figs. 10 and 11 .
B. Double-beta decay
It is well known that the 2νββ NMEs are very sensitive to the residual interactions, as well as to differences in deformation between initial and final nuclei [13, 23] . To illustrate the dependence of the NMEs to the residual forces, we show in Fig. 12 In the next figures we show the running sums for the 2νββ NMEs. These are the partial contributions to the NMEs of all the 1 + states in the intermediate nucleus up to a given energy. We see in Fig. 13 the running sums for the 2νββ decay in 116 Cd for three combinations of the initial and final nuclear shapes. The NMEs of crossing deformations produce much lower values than the experimental window and are not shown. Similarly, we show in Fig. 14 the running sums for the 150 Nd → 150 Sm decay using prolate shapes for both nuclei. Results obtained with the energy denominator D 1 (7) are displayed with thin lines, whereas results obtained with D 2 (8) are shown with thick lines. We can see that D 2 denominators produce larger NMEs than D 1 . The main difference is originated at low excitation energies, where the relative effect of using shifted energies is enhanced. The effect at larger energies is negligible and we get a constant difference between D 1 and D 2 , which is the difference accumulated in the first few MeVs. We also observe negative contributions coming from the region of the GT resonances at about 15 MeV. This feature was studied in Ref. [22] and was related to the strength of the pp residual interaction. The small contribution to the 2νββ NMEs from the region of the GT resonance is due to the joint effects of large energy denominators in Eq. (6) Nd, respectively. The results correspond to the prolate shapes in both initial and final nuclei. The sensitivity of the NMEs to the Skyrme interaction is manifest in the figures, but it is not as significant as the sensitivity found to other aspects such as the residual interactions, the deformation, or even the energy denominators.
Another issue worth to comment is the treatment of the quenching factor of the axial-vector coupling constant g A . The physical reasons for this quenching have been studied elsewhere [33] [34] [35] and are related to the role of non-nucleonic degrees of freedom, absent in the usual theoretical models, and to the limitations of model space, many-nucleon configurations, and deep correlations missing in these calculations. The implications of this quenching on the description of single-β and double-β decay observables have been considered recently in several works [32, [36] [37] [38] [39] . In those works both the effective value of g A and the coupling strength of the residual interaction in the particle-particle channel are considered free parameters of the calculation. The striking result found is that very strong quenching values are needed to reproduce simultaneously the observations corresponding to the 2νββ half-lives and to the single-β decay branches, namely log f t(EC) values for the ground state to ground state decay of the intermediate nucleus into the initial one, and the log f t(β − ) values for the ground state to ground state decay of the intermediate nucleus into the final one. Different procedures for adjusting those parameters have been explained in Refs. [32, [36] [37] [38] [39] . The most recent analysis performed in Ref. [32] within a QRPA formalism comes to the conclusion that considerable quenching is needed, with an average value g A ≈ 0.6 ± 0.2 (q = 0.47 ± 0.16). The need of a strong quenching is also required in other theoretical approaches, such as different QRPA calculations (q = 0.6 − 0.7) [37] , IBM-2 models [38] , where the quenching obtained is g A = 0.41 (q = 0.32) for 116 Cd and g A = 0.35 (q = 0.28) for 150 Nd, or shell-model calculations that found quenching factors in the interval q = 0.45 − 0.74 [39] for double-β emitters from 48 Ca up to 150 Nd. One should note that the QRPA calculations leading to the strong quenching that fits the 2νββ NMEs have been performed within a spherical formalism neglecting possible effects from deformation degrees of freedom. Because the main effect of deformation is a reduction of the NMEs, deformed QRPA calculations shall demand less quenching to fit the experiment. Although the goal of this paper is not to extract consequences on the quenching needed to fit the experiment, it will be very interesting to explore in the future the implications of deformation. This study will be part of a more ambitious project aiming to extract an effective g A value that fits the decay observables taking into account the uncertainties related to the theoretical description and including all possible 2νββ-decay candidates.
IV. SUMMARY AND CONCLUSIONS
In summary, using a theoretical approach based on a deformed HF+BCS+QRPA calculations with effective Skyrme interactions, pairing correlations, and spinisospin residual separable forces in the ph and pp channels, we have studied simultaneously the GT strength distributions of the double-β decay partners ( 116 Cd, 116 Sn) and ( 150 Nd, 150 Sm), reaching the intermediate nuclei 116 In and 150 Pm, respectively, as well as their 2νββ NMEs. Our results for the energy distributions of the GT strength have been compared to recent data from charge-exchange reactions, whereas the calculated 2νββ NMEs have been compared with the experimental values extracted from the measured half-lives for these processes.
We have discussed the sensitivity of our results to the various ingredients in the theoretical formalism. Namely, to the Skyrme force, to the residual interactions, to deformation, to effective g A values, and to the treatment of the energy denominators of the NMEs. We found different sensitivities to them that have been analyzed and discussed. All in all, the method used in this work has demonstrated to be well suited to account for the rich variety of experimental information available on the nuclear GT response. The global properties of the energy distributions of the GT strength and the 2νββ NMEs are reasonably well reproduced, the exception is the detailed description of the low-lying GT strength distributions that could clearly be improved. It will be interesting in the future to extend these calculations by including all the double-β decay candidates and to explore systematically the potential of this method.
